VP23 is a key component of the triplex structure. The triplex, which is unique to herpesviruses, is a complex of three proteins, two molecules of VP23 which interact with a single molecule of VP19C. This structure is important for shell accretion and stability of the protein coat. Previous studies utilized a random transposition mutagenesis approach to identify functional domains of the triplex proteins. In this study, we expand on those findings to determine the key amino acids of VP23 that are required for triplex formation. Using alaninescanning mutagenesis, we have made mutations in 79 of 318 residues of the VP23 polypeptide. These mutations were screened for function both in the yeast two-hybrid assay for interaction with VP19C and in a genetic complementation assay for the ability to support the replication of a VP23 null mutant virus. These assays identified a number of amino acids that, when altered, abolish VP23 function. Abrogation of virus assembly by a single-amino-acid change bodes well for future development of small-molecule inhibitors of this process. In addition, a number of mutations which localized to a C-terminal region of VP23 (amino acids 205 to 241) were still able to interact with VP19C but were lethal for virus replication when introduced into the herpes simplex virus 1 (HSV-1) KOS genome. The phenotype of many of these mutant viruses was the accumulation of large open capsid shells. This is the first demonstration of capsid shell accumulation in the presence of a lethal VP23 mutation. These data thus identify a new domain of VP23 that is required for or regulates capsid shell closure during virus assembly.
Herpesviruses encode six proteins that come together in a highly coordinated and regulated fashion to form a protective coat surrounding the virus genome. The assembly pathway of herpes simplex virus 1 (HSV-1) produces three capsid structures detected in sucrose gradients of lysates from infected cells. They are called "A," "B," and "C" capsids, because of their sedimentation profiles in the gradient (10) . C capsids contain the virus genome, B capsids contain the internal scaffold proteins, and A capsids are empty (reviewed in references 11, 26, and 31). A fourth capsid particle, which is sensitive to temperature and sedimentation but has been observed by ultrastructural analysis of infected cells, is the procapsid and is thought to be the earliest spherical structure formed in HSV-1-infected cells (16, 28, 34) .
Seven proteins make up B capsids: VP5, VP19C, p21, p22a, VP23, VP24, and VP26. VP5, VP19C, VP23, and VP26 form the outer capsid shell, whereas the scaffold proteins (pre22a and pre21) occupy the internal space of the capsid (reviewed in references 11, 26, and 31) . Protein-protein interactions drive the assembly process, and, as shown in a number of studies, the capsid proteins have an inherent ability to self-assemble into capsid shells (32, 33) . Interactions have been detected between VP5 and the scaffold protein; this interaction is important for closure of the capsid shell into an icosahedral structure (7, 13, 19, 35) , between the triplex proteins VP19C and VP23, which is important for stabilization of the shell structure (1, 7, 21, 27, 30) , and a self-interaction between the scaffold proteins (7, 20, 22, 25) , which is important for the production of the capsid. Interactions have also been inferred or detected between VP5 and VP26 (3, 27) and VP5 and VP19C (27) and a self-interaction between VP23 molecules (14, 30) . These interactions have been determined using the yeast two-hybrid assay, cellular colocalization, sedimentation, coimmunoprecipitation, capsid binding, and cryoelectron microscopy (cryo-EM) analysis. The interaction between the two triplex proteins VP23 and VP19C is important for assembly of the herpesvirus icosahedron. This interaction was first discovered using the yeast twohybrid assay (7) , inferred by cryo-EM analysis (18, 37) , and confirmed using biochemical approaches using purified proteins (17, 30) . VP19C (50 kDa) and VP23 (33 kDa) bind together to form a hetero-trimer and a three-pronged structure termed the triplex. This structure, of which there are 320 copies per capsid, consists of one molecule of VP19C and two molecules of VP23 (34) . It is important for stabilizing the capsid shell by interactions with the adjoining capsomeres made up of the major capsid protein, VP5.
Several studies have reported the identification of important functional domains of VP19C using N-and C-terminal truncation mutations and random transposition mutagenesis (1, 21, 30) . We utilized a random mutagenesis approach with VP23 initially and discovered many sites of this protein, which were important (21) . Although some of the mutations had been analyzed in a baculovirus self-assembly system, none had been studied in the context of HSV-1-infected cells. To this end, we undertook a more precise mutagenesis approach using our results from the transposition mutations and have made 79 single-amino-acid substitutions in this protein of 318 residues. All the mutations were analyzed for interaction with VP19C using the yeast two-hybrid assay and for genetic complementation of the VP23 null mutant. Several mutations were identified which did not affect VP23-VP19C interaction but failed to complement the growth of the VP23 null mutant virus. These mutations were transferred into the KOS genome using a marker rescue/marker transfer method. The outcome has been the identification of a new functional domain of VP23, which is required for capsid shell closure.
MATERIALS AND METHODS

Cells and viruses.
Vero cells and transformed Vero cell lines were grown in minimum essential medium-alpha supplemented with 10% fetal calf serum (Gibco-Invitrogen) and passaged as described by Desai et al. (5) . C32 cells complement the growth of mutants in VP5 (UL19) and VP23 (UL18) (24) , whereas K20 cells complement the growth of only VP23 mutants. Virus stocks of KOS (HSV-1) and the mutant viruses were prepared as previously described (5) . K⌬18/19CG is a mutant virus that contains a deletion in both UL18 (VP23) and UL19 (VP5) genes. This virus required the C32 cell line for propagation and served as the recipient genome for all marker rescue (of VP5) and marker transfer (of VP23 mutants) experiments. K23R was the marker-rescued virus of K⌬18/19CG.
Plasmids. The template for the mutagenesis of the VP23 gene was a plasmid designated pUC-UL18 which carried the UL18 open reading frame (ORF) derived from pGBT9-VP23 (7) as an EcoRI-BamHI fragment cloned into the same sites of the pUC19 plasmid. pKKBX is a plasmid which carries the KpnIBstX1 3.7-kb fragment of strain KOS cloned into the KpnI and HincII sites of pUC19 and encompasses the UL18 gene and flanking regions. The double deletion in UL18 and UL19 was made by digesting pKKBX with RsrII (in UL18) and SalI (in UL19), blunt ended, and a similarly treated Ase1-NotI cytomegalvirus (CMV)-enhanced green fluorescent protein (eGFP) fragment from pEGFP-N1 (Clontech) was ligated into the deletion site in both orientations (see Fig. 3 ). This plasmid was designated pK⌬18/19CG.
Mutagenesis. Site-directed mutations were made by the "QuikChange" mutagenesis protocol (Stratagene). The use of this method is described in detail by Walters et al. (35) . Positive clones carrying the mutation were confirmed by restriction enzyme and sequence analysis. The mutant VP23 sequence was then cloned into the yeast two-hybrid vector pGBT9 and pcDNA 3.1 as an EcoRIBamHI fragment and into the genomic plasmid pKKBX as an Nru1-RsrII fragment. The mutant genes were all sequenced to confirm the presence of the specified mutation as well as authentic amplification by the polymerase.
Yeast two-hybrid assays. The protocol for yeast two-hybrid assays is described by Desai and Person (7) . Sequences encoding VP23 were fused to the yeast Gal4 DNA-binding domain (pGBT9-VP23), and the gene encoding VP19C was fused to the Gal4 transactivation domain (pGAD424-VP19C) (7) . Both plasmids were cotransformed into SFY526 cells (9) , and the transformants were allowed to grow on nitrocellulose membranes in order to assay each mutation using the X-gal filter assay (2) .
Genetic complementation assay. Vero cells (5 ϫ 10 5 ) were transfected with 1 g of plasmid DNA and 6 l of Lipofectamine reagent (Invitrogen) diluted in 200 l of serum-free medium. The DNA-lipid complexes were allowed to form at room temperature for 30 min and incubated with the cells for 5 h. Twenty-four hours after the addition of the complexes to the culture, the cells were infected with K23Z (VP23 null mutant) (4) at a multiplicity of infection (MOI) of 5 PFU/cell. The following day (24 h later) the infected cells were harvested following freeze-thawing and sonicated and the virus titers were determined on C32 cell monolayers.
Construction of transformed Vero cell lines. Transformed cell lines were made as documented by Desai et al. (6) . Early-passage Vero cells (1 ϫ 10 6 in 100-mm petri dishes) were cotransfected with pSV2-neo (1.0 g) (30) , and a molar 3-or 5-fold excess of the plasmid encoding the UL18 gene (pKKBX; see Fig. 3 ). A total of 54 G418-resistant colonies were harvested, passaged, and then tested for their ability to plaque K23Z, a null mutant of the UL18 gene (6) . Six cell lines were able to complement K23Z, and one line designated K20 was chosen for the marker rescue/marker transfer experiments.
Marker rescue and market transfer. Marker rescue/marker transfer assays were performed as described by Person and Desai (24) . C32 cells (1 ϫ 10 6 ) in 60-mm dishes were cotransfected with K⌬18/19CG-infected cell DNA and linearized pKKBX mutant plasmids (0.1 to 1 g). Titers of the transfection progeny harvested 3 days later were determined on Vero, C32, and K20 cell monolayers to determine the growth properties of each mutant virus. Mutant viruses were isolated following 2 to 3 rounds of single-plaque isolation on K20 or Vero cells. The mutant virus genomes were used to amplify the UL18 gene and sequenced to confirm the presence of the correct mutation.
Burst-size growth assays. Vero cells (5 ϫ 10 5 ) in 12-well trays were infected with K23R and the mutant viruses at an MOI of 10 PFU/cell. Twenty-four hours postinfection, the cells were harvested and sonicated and virus progeny numbers were determined by plaquing on C32 monolayers.
Radiolabeling and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. Procedures for radiolabeling of infected cells and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis and Western blots are described by Person and Desai (24) .
Sedimentation analysis of capsids. Sedimentation analysis of capsids from infected cells was performed as described by Walters et al. (35) .
Electron microscopy. For transmission electron microscopy and negative-stain analysis of sucrose gradient fractions, the procedures described by Huang et al. (12) and Perkins et al. (23) were used, except samples were stained with 1% phosphotungstic acid.
Data and figure preparation. Scanned autoradiographs and digital electron micrographs were imported into Adobe Photoshop for figure compilation.
RESULTS
Site-directed mutagenesis of VP23 amino acids using alanine-scanning method. Previous studies using random transposition mutagenesis of the gene encoding VP23 (UL18) identified several domains of this protein important for interaction with VP19C and for capsid assembly in insect cells using recombinant baculoviruses ( Fig. 1) (21) . As an extension of those studies, an extensive mutagenesis was performed to identify the key interactive residues of VP23. An alanine-scanning mutagenesis approach was carried out; the amino acids targeted for this mutagenesis reside in the functional domains previously identified as well as additional regions that were uncovered during this scanning mutagenesis (blue residues in Fig. 1 ). Site-directed mutations were made by the QuikChange mutagenesis protocol (Stratagene). Most mutations also introduced a "silent" restriction enzyme site for detection of the mutant. Seventy-nine alanine substitution mutations were made in this study. In almost all cases the residues targeted were hydrophobic in nature. The mutant UL18 genes were transferred into both a yeast two-hybrid vector (pBGT9) and a eukaryotic expression plasmid (pcDNA3.1 Ϫ ). Yeast two-hybrid analysis of the VP23 mutants. Most of the mutations were analyzed using the yeast two-hybrid assay (9) to determine the effect of these changes on the interaction with VP19C. The yeast two-hybrid assay originally permitted the first confirmation of the interaction between these two proteins. The Bluo-gal filter assay was used to assay the interaction between the mutant VP23 and wild-type VP19C ( Table 1) . As shown in Table 1 , the mutations were classified into three classes: those that interact with VP19C with wild-type kinetics of blue color development of the yeast transformants (ϩϩϩ), those that interact with VP19C with decreased or slowed kinetics of blue color development (ϩϩ/ϩ), and those that fail to interact with VP19C as judged by lack of blue color of the colonies (Ϫ). This analysis identified several single residues which when changed to alanine completely abolished the tri- Genetic complementation of the VP23 null mutant virus. In order to correlate the in vitro results from the yeast two-hybrid assay (which measures a bimolecular interaction) with the ability of the VP23 mutants to support virus growth (which measures capsid assembly), most of the mutants were assayed for their ability to complement the growth of the VP23 null mutant virus K23Z (4). The complementation assay (Fig. 2 ) was able to distinguish between mutants that support the replication of the null mutant (complementation of 20 to 100% relative to wild-type protein) and those that do not (complementation of 2 to 5% relative to wild-type protein; this level was similar to the number seen with empty vector). In general, there was very good correlation between the ability of the mutants to participate in a molecular interaction (Y2H assay) and to complement the growth of the null mutant virus. Thus, the complementation levels derived for mutants I10A and L24A all were lower than 10% of the wild-type level, and those for V305A and I315A were similar to that of the wild-type protein. Even   FIG. 1 . VP23 molecule. Shown is the VP23 polypeptide sequence (318 amino acids) and key mutational landmarks. The filled arrows show sites of TN mutants that abolished interaction with VP19C and genetic complementation of the VP23 null mutant. The open arrows show sites of TN insertions, which did not affect these two activities of VP23. The TN insertion (5 amino acids) was after the residue numbered above the arrow (21) . The alanine substitution mutations made in this study are shown in blue. Underlined amino acids are conserved in the alphaherpesvirus family, and the residues in bold are conserved in all three herpesvirus families. 
a Group 1, amino acids 6 to 79; group 2, amino acids 103 to 189; group 3, amino acids 202 to 230; group 4, amino acids 235 to 299; group 5, amino acids 300 to 317. Plus signs are used to indicate the kinetics of the bimolecular interaction between VP23 and VP19C. ϩϩϩ, wild-type interaction (the colonies turned blue within 45 min of the start of the assay); ϩϩ, the colonies took between 1-2 h to turn blue; ϩ, the colonies took longer than 2 h to turn blue; Ϫ, the colonies remained white. The data in the table were derived from Ͼ5 independent transformations. ND, not determined. the mutants that gave a weak interaction in the yeast assay were able to support the replication of the null mutant, for example, F71A, F228A, Y236A and L275A. There were some exceptions (which interact with VP19C but fail to complement the VP23 null mutant virus), and these were alanine substitutions at I114, L116, and a cluster of residues that span amino acids 205 to 241.
Introduction of specific VP23 mutations into the virus genome. Our initial goal was to characterize the VP23 mutants using just the yeast two-hybrid and the genetic complementation assays because these two methods have been shown to be highly indicative of the outcome of a VP23 mutation during the replication cycle. However, because we discovered a number of mutants that interacted with VP19C but failed to complement the growth of K23Z, we hypothesized that there maybe another key interaction in which VP23 participates. Thus, our goal changed to introduce these specific mutations into the virus genome.
We used the genetic marker rescue/marker transfer method (6) to place VP23 mutations into the virus genome (Fig. 3) . Using existing restriction enzymes a deletion was made that includes all the N-terminal 307 residues of VP23 and deletes the C-terminal 182 residues of VP5 (Fig. 3) . In place of the deleted sequence a CMV-eGFP reporter cassette was inserted FIG. 2. Genetic complementation of K23Z by the VP23 alanine substitution mutants. Transient transfections were performed using cloned genes in the pcDNA vector. Twenty-four hours after transfection, the cells were infected with the VP23 null mutant, K23Z, and the virus yield was determined after another 24 h postinfection. Progeny yields were quantitated by titration on the complementing cell line, C32. Data are averages of results of two to three independent transfections. The level of complementation derived with the expressed wild-type gene product was set at 100% and the levels achieved with the empty vector were generally 1 to 10% of that.
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on July 13, 2017 by guest http://jvi.asm.org/ which would facilitate isolation of this virus following homologous recombination (Fig. 3 ). This plasmid, designated pK⌬18/19CG, was cotransfected into C32 (UL18-and UL19-transformed cell line) cells together with KOS DNA, and single green fluorescing plaques were picked and purified. This virus was designated K⌬18/19CG. This virus plaqued only on C32 cells but not on cells transformed with just UL19 or just UL18 (data not shown). To derive a cell line that is transformed with just UL18, we cotransformed Vero cells with pSV2Neo and a plasmid that encodes just the gene encoding VP23, pKKBX. Cell line K20 was chosen for further studies because it displayed the best plaquing and complementation of K23Z.
To test the system, we used the wild-type plasmid pKKBX to rescue the UL19 mutation and restore wild-type gene function at the UL18 locus. We were able to readily isolate virus on K20 cells, and one such isolate was purified and designated K23R. This virus plaqued and replicated on Vero cells in a manner comparable to that of the wild-type parental KOS virus. We then proceeded to use this genetic method to introduce several mutations into the virus genome. The mutants introduced into the virus genome include L24A, F33A, L43A, L64A, I75A, L108A, L116A, F121A, L205A, L207A, I213A, I219A, I224A, L227A, L240A, and L241A. Initially the viruses were checked for their ability to plaque on Vero cells. Mutant viruses L24A, L207A, I213A, L227A, L240A, and L241A failed to plaque on Vero cells, whereas L205A and I219A gave small plaques on Vero cells and I224A gave rise to very small plaques that were discernible only after extended incubation. The other mutants all plaqued normally on Vero cells. In order to quantitate this, a burst size determination was made for all the mutants (Table  2) . Almost all the progeny yields for the mutants correlated with the genetic complementation data, except for L108A and I219A, which gave higher yields in the single-step growth assay than the complementation assay. Even though the I224A mutant gave only a minimal burst size yield (1% of wild-type level), this virus can still form plaques on Vero cells after prolonged growth; thus the assembly process appears to be slowed significantly in this mutant. The genomes of the viruses were also used as templates for PCR of the UL18 gene, and the PCR product was sequenced to confirm that the correct mutation was present in each virus. In this analysis we discovered that the L24A mutant gene had incorporated a stop codon in the sequence. The mutant viruses were also examined for their ability to accumulate stable amounts of VP23 protein. Infected cells were examined by Western blot methods using polyclonal antisera to VP23. The results of the blotting experiments show that all the mutants are able to synthesize and accumulate wild-type levels of VP23 (Fig. 4) .
We next examined the mutants for their ability to assemble capsids following infection of nonpermissive cells. Previously we had shown that the VP23 null mutant virus K23Z cannot assemble capsids or capsid precursors using EM and sedimentation methods (4). Vero cells infected with different mutants were metabolically labeled with 35 S-methionine, and lysates prepared were subjected to rate-velocity sedimentation (Fig.  5) . For the wild-type rescuant K23R, we observed three peaks of radioactivity corresponding to A (fraction 9), B (fraction 7), and C (fraction 2) capsids. The scaffold protein (protein 22a) FIG. 3 . Marker rescue/marker transfer of the VP23 alanine substitution mutants into the virus. Plasmid pKKBX (KpnI-BstX1) was the backbone for generation of a double mutant in the UL18 and UL19 genes. The deletion (filled box) was replaced with a CMV-eGFP reporter cassette to facilitate the identification of recombinant plaques. The virus isolated and purified was designated K⌬18/19CG and was the recipient genome for all the alanine substitution mutants. Numbers in parentheses refer to HSV-1 genome nucleotide numbers, the arrows indicate direction of transcription, and a 1-kb size marker is shown. present in B capsids was for the most part present in the fractions (fractions 6 and 7) containing these capsids. For mutant viruses L227A and L240A, capsid proteins were observed to cosediment in several of the gradient fractions. The proteins detected were the capsid shell proteins VP5, VP19C, VP23, and VP26. The scaffold protein and the protease (VP24) were not detected in the fractions where the shell proteins were seen to sediment, indicating that the scaffold was not part of this assembled structure. This was also seen in gradients for mutants L207A, I213A, and L241A (data not shown). Furthermore, similar to scaffold null mutants (8) , several fractions contained these cosedimenting proteins; that is, there was not a specific peak of radioactivity that is seen with A, B, and C capsids. This indicated that the structures detected in the gradients may be of varied size and shape. Because the biochemical data showed that the VP23 mutants may be accumulating shell structures, material from similar gradients was examined by EM following negative stain (Fig. 6 ). Icosahedral capsids were evident when material from K23R was examined; however, when the material from the mutant-infected cells was examined, large open shells were observed in which the capsomeres composed of VP5 were clearly visible. There was no uniformity to these shells; these structures were of varied size and shape, and this correlates with their sedimentation profile in sucrose gradients. These open shell structures visibly were similar in appearance to the shells that accumulate in the absence of the major capsidscaffold protein interaction (12, 35) . Icosahedral closed capsids were observed in sucrose gradients for mutant I224A albeit at reduced levels compared to wild-type capsids. These data were also confirmed by transmission EM (TEM) analysis of infected cells (Fig. 7) . Assembled capsids in the nucleus and enveloped virions in the cytoplasm were evident in KOS-infected cells, whereas no structures were evident in the VP23 null mutant virus (K23Z)-infected cells. Almost complete shells were observed in the nucleus of I224A-infected cells, and capsid shells in the nuclei of L240A-and L241A-infected cells.
DISCUSSION
We have carried out an extensive mutagenesis experiment on the essential VP23 polypeptide. Previously we had used random five-amino-acid insertions to identify key functional domains of VP23 for interaction with VP19C and capsid assembly (21) . This time, using that information, we have made 79 amino acid substitutions in a polypeptide composed of 318 residues. The mutations substituted alanine for hydrophobic residues, and they were screened for interaction with VP19C using the Y2H assay and for genetic complementation of the VP23 null mutant; finally some were introduced into the virus genome to examine their effect on virus replication and capsid assembly. In all, there were six residues that, when changed, abolished completely the ability of the mutant VP23 to interact with VP19C and also rescue the VP23 null mutation. It is (1), that the mutant proteins that do not interact with VP19C will remain cytoplasmic in localization. The identification of a single change that can have a significant effect on virus assembly bodes well for future investigation of VP23 inhibition using a small molecule inhibitor. There were also additional mutations that displayed a range of phenotypes in their abilities to bind VP19C or complement the VP23 null mutant virus. A subset of such mutants that are concentrated in the C-terminal portion of VP23 gave a phenotype that we investigated further. These mutations were able to interact with VP19C, some weakly, but failed to complement the VP23 null mutant. When the same mutations were introduced into the virus genome and infected cells were examined, the defect in this set of mutants became apparent:
all accumulated large open shells that could not attain closure. The mutants that displayed this phenotype were L207A, I213A, L227A, L240A, and L241A (Fig. 8) , and because they cluster in a small region of VP23, we have thus identified a new domain of VP23 that is important for closed capsid assembly (Fig. 8) .
The triplex proteins of herpesviruses are essential structural elements of the capsid shells. Previous studies have shown that null mutations in either gene resulted in a complete absence of capsid shells or subcapsid assemblies (4, 24) . Thus, it was recognized for many years that the triplex acts at an early step in the assembly pathway and a block in this step did not lead to the accumulation of higher-order assemblies. This study now shows that one of the triplex proteins is also required for a step subsequent to capsid shell accretion and that mutations in this key VP23 domain result in the accumulation of open shells. An alternative explanation could be that the mutant VP23 proteins have reduced affinities for the different components of capsid shell and what we are observing is the inability to complete capsid growth. This could then result in the accumulation of FIG. 6 . Ultrastructural examination of VP23 mutant assembled structures. Lysates derived from VP23 mutant and K23R-infected cells were sedimented in sucrose gradients and the fractions collected examined by TEM following negative staining. Scale bars: 100 nm (for K23R and middle panel of L227A) and 200 nm (for all other panels).
capsid shells in infected cells. While this possibility is clearly valid, previous results with VP5 mutants that have defects in capsid shell growth (because of decreased capsomere interactions) demonstrated that such mutants can be differentiated based on their sedimentation profiles (35) .
Capsid assembly for herpesviruses begins in the cytoplasm. Here interactions between VP5 and the scaffold proteins and those between VP19C and VP23 occur, and these small complexes are transported into the nucleus using the cellular nuclear import machinery and a nuclear localization signal (NLS) present in one of the partners of each complex (1, 16, 17, 19, 27) . VP26, by virtue of its association with VP5, "piggybacks" onto the VP5-scaffold complex and becomes concentrated in the assembly sites within the nucleus (3). Adamson et al. (1) identified a nonconsensus NLS in the N terminus of VP19C which is required for transporting the VP19C-VP23 complex (8, 35) . From these data it was proposed that the scaffold protein, as shown first in the large double-stranded DNA (dsDNA) phage P22, catalyzes the synthesis of a closed icosahedral structure. From the work presented here we have now have identified another component of this pathway. Thus, VP23 also plays an essential role in the transition from an open to closed shell. The exact role of VP23 in shell closure is purely speculative in the absence of other functional analysis. What is clear is that the triplex complex is functional in these mutants because we see the accumulation of significant quantities of open shells, which are composed of VP5, VP19C, VP23, and VP26. However, the triplex or VP23 in these mutants has a defect that prevents capsid closure. Interestingly, the SDS-PAGE analysis of these shells reveals very little or no scaffold protein associated with these structures. It is possible, then, that these mutant VP23 proteins may be affecting the interaction between VP5 and p22a and, in this way, abolishing closed capsid formation. In the baculovirus self-assembly system, small close structures (88-nm size) were formed when VP5 was coexpressed with VP19C (27, 29) . However, upon the addition of VP23, the closed structures did not form, and it was suggested that VP23 was important for reconfiguration of the shell and modulating capsid shell assembly by interaction with both VP19C and VP5 (29) .
High-resolution structural, biochemical, and genetic data show that VP23 is likely a dimer in the triplex complex. A dimer interface between the two VP23 polypeptides and an extensive interaction of each of the two VP23 molecules with VP19C was seen by cryo-EM analysis of the B capsid (37) . Self-interaction of the CMV homolog of VP23 (36) has been detected using the yeast two-hybrid assay, and for HSV-1 a dimer has been observed using sedimentation assays of Sf9 infected cell lysates (30) . VP23 purified from Escherichia coli was shown to be a monomer in solution, but at high protein concentrations it formed a multimer (14) . Purified VP23 behaves as a molten globule: its tertiary structure is determined by its local environment and interactions, for example, when it is incorporated into the triplex (14) . Thus, the functional state of VP23 is probably also a dimer, and we propose that this new essential domain in VP23 is potentially a region for protein dimerization. Using the Coils prediction program (15), a potential coiled-coil domain was discovered spanning amino acids 238 to 255. Hence this domain may be important for facilitating VP23 dimerization and thus capsid shell closure. If dimerization is defective in these mutant viruses, the fact that we still detect open shells as well as interaction with VP19C in the Y2H indicates that this protein transformation may not be required for triplex formation. It is required subsequent to capsid shell accretion at a step that has yet to be discovered.
